Abstract. Current solid state actuators are briefly compared to traditional actuator technologties to highlight the major need for enhanced strain capability. For the ferroelectric piezoelectric polycrystal ceramics, the balance of evidence suggests a large entrinsic contribution to the field induced strain from ferroelectricferroelastic domain wall motion. Here-to-fore the intrinsic single domain contribution has been derived indirectly from phenomenological analysis. Now, new evidence of a stable monoclinic phase at compositions very close to the MPB suggest that the previous assessment will need to be revised.
INTRODUCTION
Characteristics of stress levels, strain capability and efficiency for a number of actuator systems are summarized in Table 1 . Traditional electromagnetic, pneumatic and hydraulic systems have high efficiency good stroke (strain levels) and adequate force. They are however bulky, rather slow, and require extensive backup generator equipment. Solid state electrical piezoelectric, electrostrictive and phase switching actuators clearly have adequate force, tolerable efficiency, however the stroke permitted by induced strain levels is miniscule. These materials are still important as the actuation can be very fast, inertia is low and compact systems can be engineered, however there is still a major need for enhanced strain capability.
In this paper, the mechanisms responsible for strain in the polycrystal ferroelectric ceramics will be discussed. Currently the balance of evidence points to a major contribution from ferroelastic domain wall motion particularly in the soft PZTs, but the discovery of a new monoclinic phase, just at the critical morphotropic phase boundary composition requires a re-assessment of the intrinsic contribution to response. Evidence from the new lead zinc niobate:lead titnate (PZN:PT) single crystals suggests that the ultra high strain in 001 field poled crystals may be dominantly intrinsic involving the field induction of a monoclinic phase in which P s is strongly tilted in the dodecahedral mirror plane before finally switching to the 001 polar tetragonal form. Recent experiments on BaTiO 3 where the inverse experiment, forcing the tetragonal over to rhombohedral symmetry by high (111) oriented E-field at room temperature lends further support for a monoclinic mechanism for the switching, but now involving both cubic and dodecahedral mirrors.
Polarization and Strain Mechanisms
For the simple linear nonferroelectric insulator the induced deformation under electric field may be described by
where x ij are components of induced strain, X ij components of applied stress E m , E n components of electric field s ijkl the elastic compliance, d mij the piezoelectric tensor and M mnij the electrostriction coefficients. Obviously if the d mij are non zero, in the absence of stress which is the piezoelectric actuation function and if the d mij are zero by symmetry
and the system will be electrostrictive. In a polycrystal ensemble, as for the randomly axed ceramic, the system is much more complex. With any symmetry in the crystallites ( fig. 1a ) the random axial arrangement will introduce two infinite fold rotation axes (∞∞) in the macro-ensemble symmetry wiping out all piezoelectricity. One of the few way out of this dilema is to consider a ferroelectric crystallite where in the ferroelectric state spontaneous electric polarization is distributed in domains with different equivalent orientation states that can be reoriented by an external poling field (fig. 1b) Firstly, the MPB is a first order phase change, so that in the co-existence region for the two phases it is possible in the poling process to make use of 14 domain orientation states ( fig. 1d ) leading to more complete poling. Secondly, for properly chosen compositions one can stay close to the phase boundary over a wide temperature range and use its destabilizing influence to enhance the intrinsic polarizability of the single domain states.
From these basic advantages stem two fundamental problems in understanding the behavior. Firstly, what is the balance between intrinsic single domain and extrinsic contributors to response; and secondly, what exactly is the nature of the dominant extrinsic contributor.
In the randomly axed polycrystal ceramic, ferroelectric domain wall motion is essential to permit the induction of strong remanent polarization essential for piezoelectricity. For the quasi-reversible behavior working about this induced remanent polar state the question is to what extent are ferroelastic:ferroelectric wall motions the primary extrinsic contributor to both dielectric and piezoelectric response.
No practical PZTs are in fact pure lead zirconate titanate solid solutions, all are modified by aleovalent cation additions ( fig. 2 ). We speak of excess charge cation added or donor doped soft PZTs, and of charge deficient cation or Acceptor doped hard PZTs. The terminology "hard" versus "soft" is derived from magnetism and clearly implying difficult or easy domain wall motion as in the magnetic counterparts. For the hard PZTs however, there is compelling evidence [4, 5] , that stabilization by weakly mobile oxygen vacancy:defect dipole pairs is of the whole domain not just the wall. A mechanism that has no counterpart in magnetism but does however indirectly make the walls more difficult to move.
In soft donor doped PZTs, there is very strong evidence for enhanced extrinsic response in both dielectric and piezoelectric behavior, however evidence that it is associated with domain wall motion is indirect. It is clear that at fields well below the coercivity, the response is hysteritic [6] and can be well described by the Rayleigh law [7] suggesting a domain wall origin. There is however also evidence from transmission electron microscopy that the donor dopants tend to break-up the normal domain structure leading to tweed like and micro-polar relaxor like structures [8] .
Earlier a rather complete phenomenology has been presented for the whole PZT family [9] [10] [11] [12] [13] from which single domain intrinsic values can be dervied for both tetragonal and rhombohedral phases adjacent to the MPB and averaged values for permittivity and piezoelectric response derived. It was on this basis that some 80% of dielectric response in hard PZTs, but only of order 30% of response in soft PZTs was predicted to be intrinsic ( fig. 3) .
Very recently the whole basis for evaluating both contribution to response has been changed by the discovery using very precise x-ray analysis [14, 15] of a new monoclinic phase just on the rhombohedral side of the MPB (fig. 4) . In this phase, the axial components of spontaneous polarization Ps are The polar vector lies within the dodecahedral mirror plane of the prototype m3m and there are 24 orientation states for this species. From symmetry, the transitions rhombohedral 3m ↔ monoclinic m and tetragonal mm 2 ↔ monoclinic m may be either first or second order.
The presence of this newly discovered phase does require a revision of the phenomenology, as in the earlier treatment all phases other than tetragonal and rhombohedral were chosen to be metastable in the composition range of the MPB. Similarly the possible extrinsic contributions to response now need further consideration. The possibility for the E-field to drive phase boundary motion of a weakly hysteritic first order 3m ↔ m or 4mm ↔ m phase change could contribute here-to-fore unimagined extrinsic response that could mimic domain wall motion but contribute very strongly to elastic strain and piezoelectricity. Either intrinsic or extrinsic contributions from this very narrow insert of monoclinic phase could explain the very sharp peaking of k 33 near the MPB that is evident in pure PZTs and has been most difficult to explain on earlier theories.
Alternative Single Crystal Systems
The complexity of the elasto-dielectric behavior of the polycrystal PZTs highlight the need for single crystal and single domain studies to properly explore the phenomena in lead based perovskite structures. PZT has proven markedly intractable for crystal growth, but more recent studies of the lead zinc niobate:lead titanate PZN:PT, and lead magnesium niobate:lead titanate (PMN:PT) have yielded "respectable" crystals for compositions close to the pseudo-morphotropic boundaries between rhombohedral and tetragonal phases in both systems [16, 17, 18] .
Dielectric and piezoelectric properties have been well characterized [19, 20] and the massive anisotropy in response between 111 and 001 E-field poled crystals in the rhombohedral phase underscored. The piezoelectric d 33 > 2000 pC/N, k 33 > 92%, ε 33 T > 5,000 for 001 E-field rhombohedral phase crystal at composition close to the MPB are of strong practical interest. Of major concern here is the actuator performance where it has been shown that in 001 field poled PZN:PT strains up to 1.7% can be induced at high fields ( fig. 5a ).
There is good evidence that at the highest field levels the crystal is switched over into the tetragonal phase through a field induced first order phase change that is necessarily hysteritic. Of special interest is the long quasi-linear anhysteritic strain, up to 0.6% ( fig. 5b ) and polarization change 10 µc/cm 2 ( fig. 5c ) that can be induced by fields up to 60 Kv/cm. It is suggested that the sequence of phase changes induced by the 001 high E-field is as in fig. 6 . In the virgin state, the crystal is a relaxor with presumable a largely frozen rhombohedral nano/micro domain structure ( fig. 6a ). On first poling with 001 oriented field the P r which is almost exactly 1/ 3 of the rhombohedral states, i.e. structure requires a high concentration of charged walls, and gives rise to a domain averaged tetragonal 4mm macro symmetry. Since the high 001 field will change the energy of each of the 4 symmetry equivalent domains in the same way, there is no driving force to move the ferroelastic walls between the remaining domain states. Obviously the high field will induce a tilting of the Ps vector of the domain into the appropriate dodecahedral mirror plane givng rise to monoclinic domain states ( fig. 6c ) in which
Again the monoclinic domains will average to macro 4mm symmetry. Eventually one expects the field to induce a true tetragonal monodomain state in which macro and micro symmetries coincide ( fig. 6d ).
An interesting question is whether the proposed sequence of changes can account for the observed large strain changes without extrinsic domain wall contribution.
Since intrinsic shape changes are electrostrictive it is only necessary to know the total polarization and the electrostrictive coefficients Q 11 , Q 12 , and Q 44 . For m3m, it is simple to show that the volume strain s v in all possible ferroelectric phases is given by Measurements by Park [20] show that over the linear strain range up to 35 Kv/cm the volume change in PZN 0.95.5 PT 0.045 is less than 0.05%. Taking as a first aproximation s v = 0, the polarization vector is just rotating under field and from fig. 5c the tilt angle in the induced monoclinic phase can be deduced and is presented in Table 2 .
Taking Q 11 from the total strain and total polarization in the induced tetragonal monodomain state Q 11 = 0.0535 taking Q h = 0 then yields Q 12 = 0.0267.
In the field induced monoclinic phase fig. 7) . Clearly the intrinsic strains in the monoclinic form are adequate to describe the induced total deformation. If this proposed explanation for high strain behavior is valid it should be expected that other peroskite structure ferroelectrics would show high intrinsic strain effects at temperatures close to phase boundaries. Strong enhancement of d 33 at temperatures below but close to both rhombohedral/orthorhombic and orthorhomic/tetragonal phase changes in BaTiO 3 single crystals have been demonstrated [2] . Of particular relevance is the study by Wada et. al. [3] of the inverse transition, i.e. tetragonal to rhombohedral in 111 cut BaTiO 3 crystal under increasing 111 oriented electric field. The sequence of changes taken from their paper is depicted schematically in fig. 8 . The 111 poling field first induces 100, 010, and 001 orientation of P s in the tetragonal state. Under this condition for fields below 5 Kv/cm at 0.1 Hz a monoclinic phase is induced with intrinsic d 33 ~ 203 pC/N ( fig. 8a) .
At higher fields, the system becomes hysteritic and the family of 110, 101, and 011 orthorombic domain orientations is finally induced (fig. 8b) .
A new linear regimen of strain is evident for fields up to 45 Kv/cm, again exhibiting monoclinic symmetry, until the system moves by a hysteritic first order change to rhombohedral symmetry ( fig. 8c ). It is interesting to note that the second linear strain range has a different slope corresponding to a d 33 ~ 295 pC/N.
We suggest ( fig. 8 ) that because of the closeness to room temperature of the 4mm/mm2 change in BaTiO 3 , the polarization vector under 111 field first moves out into the cube mirror (m 1 ) catalyzing the change to mm2 symmetry, but then at higher field must move in the dodecahedral mirror (m 2 ) to achieve the rhombohedral orientation. After achieving the rhombohedral state, it would appear the P s chooses to stay in the dodecahedral mirror which connects directly to the tetragonal state. Since the two monoclinic phases accessible from m3m are quite distinct this would account for the different piezoelectric slopes measured in the experiment.
Since there is a very complete Gibbs Free Energy Function for BaTiO 3 [21] it should be a simple matter to do the full three dimensional energy plots, to calculate the lowest energy trajectories for the polarization change and thus to verify the major role of the E•P term in Energy for these "soft" ferroelectric perovskites. 
Conclusions
In polycrystal ceramic PZT piezoelectrics the current balance of evidence still suggests a strong contribution to dielectric and piezoelectric responses from ferroelastic:ferroelectric domain wall motion. New evidence of a stable monoclinic phase just on the rhombohedral side of the MPB does however require revision of the earlier thermodynamic phenomenology to describe the intrinsic single domain responses and also contributes the possibility of previously unimagined new extrinsic contributions to response.
For the single crystal lead zinc niobate lead titanate at the 4.5% lead titanate composition the very high linear anhysteritic strain induced by 001 oriented E-field is suggested to be intrinsic and to result from the induction of a monoclinic phase in which P s is substantially tilted from 111. In BaTiO 3 for the "inverse experiment" forcing tetragonal to rhombohedral symmetry at room temperature it is suggested that with increasing E-field P s moves first in the cube mirror to orthorhombic, then in the doecahedral mirror towards rhombohedral symmetry, but at very high field may chose to accomplish complete switching in the alternative dodecahedral mirror.
